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Electrochemical techniques like adsorptive cathodic stripping voltammetry with
competitive ligand equilibration (ACSV-CLE) can determine total concentrations of
marine organic ligands and their conditional binding constants for specific metals, but
cannot identify them. Individual organic ligands, isolated from microbial cultures or
biosynthesized through genomics, can be structurally characterized via NMR and tandem
MS analysis, but this is tedious and time-consuming. A complementary approach is
to compare known properties of natural ligands, particularly their conditional binding
constants, with those of model organic ligands, measured under suitable conditions.
Such comparisons cannot be meaningfully interpreted unless the side-reaction
coefficient (SRC) of the model ligand in seawater is thoroughly evaluated. We conducted
series of potentiometric titrations, in non-coordinating medium at seawater ionic strength
(0.7 M NaClO4) over a range of metal:ligand molar ratios, to study complexation of the
siderophore desferrioxamine B (DFOB) with Mg and Ca, for which it has the highest
affinity among the major seasalt cations. From similar titrations of acetohydroxamic acid
in the absence and presence of methanesulfonate (mesylate), it was determined that
Mg and Ca binding to this common DFOB counter-ion is not strong enough to interfere
with the DFOB titrations. Stability constants were measured for all DFOB complexes
with Mg and Ca including, for the first time, the bidentate complexes. No evidence was
found for Mg and Ca coordination with the DFOB terminal amine. From the improved
DFOB speciation, we calculated five SRCs for each of the five (de)protonated forms of
DFOB in trace-metal-free seawater, yet we also present a more convenient definition of a
single SRC that allows adjustment of all DFOB stability constants to seawater conditions,
no matter which of these forms is selected as the “component” (reference species). An
example of Cd speciation in seawater containing DFOB illustrates the non-trivial use of
different SRCs for polyprotic, polydentate organic ligands.
Keywords: desferrioxamine B, siderophore, potentiometric titration, stability constant, side-reaction coefficient,
seawater, magnesium, calcium
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INTRODUCTION
Organic ligands dominate the solution speciation in seawater
of many trace metals, notably Fe (Rue and Bruland, 1995),
Co (Baars and Croot, 2015), Ni (van den Berg and Nimmo,
1987), Cu (Jacquot et al., 2013), Zn (Jakuba et al., 2012),
Cd (Baars et al., 2014), and Pb (Capodaglio et al., 1998).
Ligand concentrations and conditional stability constants can be
measured for specific metals using electrochemical techniques
(Pižeta et al., 2015), but the identity of these molecules remains
largely unknown. Whereas for several metals a division has
traditionally been made into a class of strong ligands (L1) and
a more abundant class of weaker ligands (L2), based on the
observed stability constants (Coale and Bruland, 1988), it has
been argued that such divisions are an instrumental artifact and
actually reflect a continuum of compounds spanning a broad
window of metal affinities (Town and Filella, 2000). Evidence
exists, particularly in coastal waters, for a prominent role in
organic Fe and Cu complexation played by humic acids (Bundy
et al., 2015; Whitby and van den Berg, 2015), an ill-defined
assemblage of large, non-specific ligands that are refractory
breakdown products of marine, or possibly terrestrial, organic
matter.
Nonetheless, marine microbes doubtlessly make unique
ligands to regulate the bioavailability or, in some cases, the
toxicity of various metals. A plain colorimetric assay revealed
widespread bacterial utilization of compounds with hydroxamate
functionality (Trick, 1989). By analogy with terrestrial bacteria,
fungi, and plants (Neilands, 1981; Neilands and Leong, 1986),
these were provisionally categorized as siderophores, which
facilitate Fe(III) acquisition although they have also been
implicated in Cu(II) binding (McKnight and Morel, 1980;
Springer and Butler, 2016). Advanced organic mass spectrometry
(ESI-MS) techniques (McCormack et al., 2003) have shown
that desferrioxamines, a family of trihydroxamate siderophores,
occur at low-pM concentrations in surface waters throughout
much of the Atlantic Ocean (Mawji et al., 2008). However,
most marine siderophores are structurally very different from
terrestrial analogs, even if they contain the same functional
groups (Vraspir and Butler, 2009), driving a search for novel
amphiphilic ligands, several of which have now been isolated
from Fe-limited cultures (Martinez et al., 2000; Kem et al.,
2014), or biosynthesized through genomics (Zane et al., 2014).
More sophisticated procedures are being developed for detecting
organic ligands in seawater, either linking conventional ESI-
MS with metal-specific extractions, such as immobilized metal
affinity chromatography (Ross et al., 2003) and HPLC-ICP-
MS (Boiteau et al., 2013), or relying on the power of
ultrahigh-resolution FT-ICR-MS (Waska et al., 2015) for a less
targeted approach. Both methods are able to ascertain the
presence of known compounds, but cannot readily identify
unknowns. Full elucidation of molecular structures still requires
painstaking NMR and/or tandem MS analysis (Martin et al.,
2006), assuming a sufficient quantity can be separated and
purified.
A complementary strategy for characterizing marine organic
ligands is to perform in-depth investigations of metal complexes
with commercially available model compounds at seawater ionic
strength (I = 0.7), in order to construct realistic speciation
diagrams for comparison with electrochemical data. While this
may not lead to the identification of new ligands, it could
help eliminate certain ligand classes from further consideration.
Siderophores like desferrioxamine B (DFOB), albeit highly
specific for Fe(III), can bind many metals with great affinity
(Kruft et al., 2013). Schijf et al. (2015) recently measured stability
constants of metal–DFOB complexes in 0.7MNaClO4 and found
them to be similar to published conditional stability constants
of complexes with marine organic ligands for Cu, Zn, and Pb,
yet orders of magnitude smaller for Ni and Cd. It has indeed
been suggested that natural Cd-specific ligands contain sulfur-
bearing groups (Bruland, 1992; Baars et al., 2014) and do not
resemble siderophores. Such comparisons are only meaningful
if stability constants measured in non-coordinating media can
be adjusted to seawater conditions by correction with a suitable
side-reaction coefficient (SRC). Wuttig et al. (2013) calculated
the SRC of DFOB in seawater as log αDFB = 6.25, yielding a
“free DFOB” fraction of the order 10−6, which would effectively
make it a very weak ligand. While the authors provide no details
of the calculation, their SRC is ostensibly expressed in terms
of fully deprotonated DFOB, a species that is virtually non-
existent in seawater and does not form any complex with most
metals. They moreover used data of Farkas et al. (1999), whose
regression model does incorporate a spurious complex with
the fully deprotonated ligand, probably accounting for the fact
that no stability constants were reported for the bidentate Mg–
DFOB and Ca–DFOB complex (see the discussion in Schijf et al.,
2015).
We present a comprehensive study of pH-dependent DFOB
complexation with Mg and Ca, the two major cations that
dominate its speciation in trace-metal-free seawater. Our
results are derived from series of potentiometric titrations
over a range of metal:ligand (M:L) molar ratios in non-
coordinating medium at seawater ionic strength (0.7M NaClO4)
and include, for the first time, stability constants of the
bidentate Mg–DFOB and Ca–DFOB complex. We also examined
Mg and Ca binding to methanesulfonate (MSA−), ordinarily
called mesylate, the counter-ion in pharmaceutical DFOB
preparations, which was deemed potentially strong enough
to compete with DFOB complexation in our experimental
solutions. Since the extremely low pKa of HMSA precludes
measurement of the stability of mesylate complexes by
potentiometric titration, it was determined instead by comparing
the stability of Mg and Ca complexes with the DFOB-like
ligand acetohydroxamic acid (HAH) in the absence and presence
of NaMSA. The new data are applied to the calculation
of a more convenient definition of the SRC in trace-metal-
free seawater that allows a direct conversion from free-ion-
based to conditional DFOB stability constants, regardless of
how they are expressed. A discussion of Cd complexation
in seawater, chosen as an example because of its simple,
chloride-dominated inorganic speciation, and its comparatively
low affinity for DFOB, demonstrates the non-trivial use and
(dis)advantages of different SRCs for polyprotic, polydentate
organic ligands.
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MATERIALS AND METHODS
Preparation of Reagents and Standards
High-purity magnesium oxide (MgO, 99.995%) and calcium
oxide (CaO, 99.995%), as well as desferrioxamine B mesylate
(≥92.5%), acetohydroxamic acid (CH3CONHOH, 98%), sodium
methanesulfonate (CH3SO2ONa, 98%), sodium perchlorate
hydrate (NaClO4·xH2O, 99.99%), sodium chloride (NaCl,
99.999%), and hydrochloric acid (HCl, 0.9952M) were purchased
from Sigma-Aldrich. Concentrated TraceMetal Grade perchloric
acid (HClO4) and nitric acid (HNO3) were acquired from
Thermo Fisher, and certified, carbonate-free NaOH titrants from
Brinkmann. All chemicals were used as received and all stock
standards and experimental solutions were made up withMilli-Q
water (18.2MΩ cm) from aMillipore Direct-Q 3UV purification
system inside a class-100 laminar flow bench.
A pH standard in 0.7 M NaCl was prepared by dissolving
40.9 g of the salt in 1 L of Milli-Q water and setting the
pH to 3.000 ± 0.004 with certified HCl. Sodium perchlorate
background electrolyte solution of 0.700 ± 0.001 M was
produced by dissolving ∼100 g of the salt in Milli-Q water in
an acid-cleaned PMP volumetric flask and adjusting the density
according to the empirical equation of Janz et al. (1970). The
final solution was acidified to pH 3.0 ± 0.1 with concentrated
HClO4, which was determined to have a concentration of 11.40
± 0.02 M by manual titration with 1.005 M NaOH to the phenol
red endpoint (n= 7). Sodiummethanesulfonate was dissolved in
Milli-Q water to make a 0.7 MNaMSA solution that was acidified
to pH 3.0 ± 0.1 with concentrated HClO4. Acetohydroxamic
acid was dissolved in unacidified 0.7 M NaClO4 to make a 100
mM HAH solution. Magnesium oxide and CaO were dissolved
separately in acidified 0.7 M NaClO4 to which concentrated
HClO4 was then slowly added over a period of several days
until completely clear standard solutions of about 100mM were
obtained.
Exact pH values of all metal and ligand solutions were
determined with the glass electrode of the autotitrator against
the pH 3.000 standard. The pH of the unacidified 100 mM HAH
solution was found to be 5.26. Due to the slow dissolution of
MgO and CaO, the pH of different batches of the 100 mM Mg
and Ca standards ranged from 1.25 to 1.62. Exact concentrations
of the Mg and Ca standards were determined with an Agilent
7500cx ICP-MS. The primary standards were diluted with 1%
HNO3 and mixed calibration standards containing 0, 1, 2, 5,
and 10 ppm Mg, and 0, 5, 10, 25, and 50 ppm Ca were prepared
from a custom multi-element solution (100 ppm Mg+K, 500
ppm Na+Ca; SPEX CertiPrep). To avoid the need for detector
cross-calibration, all isotope signals were acquired on the analog
detector. Isotope signals at mass 24, 25, and 26 were averaged to
derive the Mg concentration. The primary Ca isotope at mass
40 overlaps with 40Ar+ from the plasma, hence signals at mass
42, 43, 44, 46, and 48 were measured, but only the first three
were averaged to derive the Ca concentration. Mass 46 showed
a severe polyatomic interference, presumably (23Na23Na)+ from
the background electrolyte, and mass 48 may have had a similar
interference from (24Mg24Mg)+ at low dilution. All isotope
signals were normalized to 10 ppm 45Sc, added as an internal
standard. Comparison of exact Mg and Ca concentrations with
the gravimetric values indicates only minor hydration of the
oxides (≤0.4 H2O).
Potentiometric Titrations and Non-linear
Regressions
Detailed descriptions of potentiometric titration and non-linear
regression protocols are given in Christenson and Schijf (2011)
and Schijf et al. (2015). The Brinkmann Metrohm 809 Titrando
autotitrator is operated by Tiamo v.1.2.1 software. Solution pH
was continuously monitored with a glass combination electrode,
which was calibrated before each titration run against the pH
3.000 standard and checked for proper Nernstian behavior by
incremental addition of 1M HCl to 0.7 M NaCl (59.01 ± 0.03
mV/pH, r2 = 0.999998, 9 points). Solutions (50mL) of HAH,
HAH with Mg or Ca, and DFOB with Mg or Ca, either in 0.7
M NaClO4 or in mixtures of 0.7M NaMSA and 0.7 M NaClO4,
were dynamically titrated from the initial pH (∼3) to pH 11
using 1.005 M NaOH, or to pH 10 using 0.1001 M NaOH, at
T = 25.0 ± 0.1◦C. For each system a series of titrations was
conducted over a range of ligand concentrations or M:L ratios.
A DFOB stock standard (10mL), enough for three runs, was
freshly prepared in acidified 0.7 M NaClO4 on days that DFOB
titrations were scheduled. During titrations, the solutions were
magnetically stirred and gently sparged with ultrahigh-purity
N2 gas to exclude atmospheric CO2. To limit evaporation, the
N2 was first humidified in a sealed bubbler filled with Milli-
Q water. Two blank titrations in 0.7M NaClO4 confirmed the
absence of bicarbonate and other acid/base contaminants. Final
data for each run were exported as a comma-delimited Excel file,
containing cumulative dispensed titrant volumes and electrode
readings (in mV) for the pH standard and experimental solution.
These files were converted to a format suitable for the computer
code FITEQL4.0 (Herbelin and Westall, 1999) by means of an
Excel worksheet template.
Non-linear regressions of the titration data were executed
with FITEQL4.0, selecting the optimal speciation model for each
system. Definitions of all equilibrium constants used in these
models are given in Table 1. Values at I = 0.7 for the first
hydrolysis constant, log β∗1 , of Mg and Ca, included in every
model, were taken from Millero and Schreiber (1982) and are
listed in Table 5. Adjustable parameters in the regressions are the
acid dissociation or stability constants of interest, initial proton
excess, [H+]0T, and total ligand concentration. The value of [H
+]0T
was allowed to go negative, to accommodate proton deficiencies.
For some systems, the total ligand concentration was fixed at
the gravimetric value. Total metal (Mg or Ca) concentrations
were always fixed at the ICP-MSmeasurements. The comparative
merits of different fits and different speciation models were
assessed from the quality-of-fit parameter, WSOS/DF, where
values between 0.1 and 20 generally indicate a good fit (Herbelin
and Westall, 1999). Values>20 are considered poor fits, whereas
values <0.1 suggest that the model is under-constrained (i.e.,
too many adjustable parameters). The data were analyzed in
sequence. First, titrations of HAH alone were fit to determine
its pKa value. Using this value, metal+HAH titrations were
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TABLE 1 | Definitions of equilibrium constants used throughout the text.
Constant Equilibrium reaction Constant Equilibrium reaction
KW H2O(l)⇋ H
+ + OH− β*1 M
2+ + H2O(l)⇋ MOH
+ + H+
Ka1 H4L
+
⇋ H++ H3L KS0 M(OH)2(s)⇋ M
2++ 2OH−
Ka2 H3L⇋ H
+ + H2L
−
SO4β1 M
2+ + SO2−4 ⇋ MSO4
Ka3 H2L
−
⇋ H+ + HL2− Lβ1 M
2+ + H3L⇋ MH3L
2+
Ka4 HL
2−
⇋ H+ + L3− Lβ2 M
2+ + H2L
−
⇋ MH2L
+
Ka(HMSA) HMSA⇋ H+ +MSA− Lβ3 M
2+ + HL2− ⇋ MHL
Ka(HAH) HAH⇋ H+ + AH− Lβ4 M
2+ + L3− ⇋ ML−
MSAβ1 M
2+ +MSA− ⇋ M(MSA)+ R1 (= Lβ1) M
2+ + H3L⇋ MH3L
2+
AHβ1 M
2+ + AH− ⇋ M(AH)+ R2 M
2+ + H3L⇋ MH2L
+ + H+
AHβ2 M
2+ + 2AH− ⇋ M(AH)2 R3 M
2+ + H3L⇋ MHL+ 2H
+
AHβ
*
11 M
2+ + AH− + H2O(l)⇋ M(AH)OH+ H
+
Each constant is shown with its corresponding equilibrium reaction. All reagents and products are aqueous species, unless indicated otherwise. M2+ is Mg2+ or Ca2+, L3- the fully
deprotonated DFOB ligand, MSA− the mesylate anion (CH3SO
−
3 ), and AH
− the acetohydroxamate anion (CH3CONHO
−).
fit to derive the stability constants of Mg–AH and Ca–AH
complexes. Titrations in the presence and absence of NaMSA
were subsequently compared to estimate the stability constants
of Mg−MSA and Ca−MSA complexes, enabling a correction to
the metal+DFOB titrations, if necessary. Finally, metal+DFOB
titrations were fit, fixing the pKai of DFOB at values reported
by Christenson and Schijf (2011), to determine equilibrium
constants of Mg−DFOB and Ca−DFOB complexes, Rj, which
are expressed in terms of the species H3L (where L3− is the fully
deprotonated ligand) and incorporate proton exchange (Table 1).
These were converted with the pKai to stability constants of
the form Lβj (Table 1) that do not incorporate proton exchange
(Schijf et al., 2015).
RESULTS
Stability Constants of Mg−MSA and
Ca−MSA Complexes
Desferrioxamine B is a linear molecule with three evenly spaced
hydroxamic acid groups and an amine group at one end
(Figure 1A). The hydroxamic acid groups deprotonate in the
pH range 8.5–9.7, while the amine group is predominantly
protonated below pH 10.9 (Christenson and Schijf, 2011). The
sequential deprotonation of DFOB can be written as
H4L
+ Ka1←→ H+ +H3L
Ka2
←→ 2H+ +H2L
− Ka3←→ 3H+
+HL2−
Ka4
←→ 4H+ + L3− (1)
with acid dissociation constants
Kai =
[H+][H4−iL(1−i)+]
[H5−iL(2−i)+]
(i = 1, 2, 3, 4). (2)
At non-alkaline pH, fully protonated DFOB, H4L+, carries a
single positive charge. Solid DFOB therefore requires a counter-
ion with a single negative charge to make a neutral compound.
A standard pharmaceutical DFOB preparation, marketed
under the brand name Desferal R©, uses the methanesulfonate
FIGURE 1 | (A) Hexadentate DFOB complex formed by Mg and Ca, with the
terminal amine group at the bottom center. (B) Acetohydroxamic acid,
CH3CONHOH (left) and methanesulfonic acid, CH3SO2OH (right). Gray, C;
white, H; red, O; blue, N; yellow, S; brown, Mg or Ca.
anion (MSA−), often called mesylate. Its protonated form is
methanesulfonic acid, or HMSA (Figure 1B).
Hernlem et al. (1996) noted that the inevitable presence in
DFOB solutions of an equal amount of MSA− could lead to a
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bias in potentiometric titrations if the latter forms fairly stable
complexes with the analyte metal. However, they were unable
to determine the pKa of HMSA, which they believed to be
1.92 from the NIST database (Martell et al., 2004) but found
to be certainly <0.9. Christenson and Schijf (2011) pointed
out that the NIST database contains a sign error and that
the actual value is −1.92 (Covington and Thompson, 1974),
congruent with the observation of Hernlem et al. (1996). Because
of this extremely low pKa value, metal–MSA complexes do
not dissociate within our experimental pH window (∼2–11)
and their stability constants cannot be directly determined by
potentiometric titration. Yet, if stable enough, MSA complexes
will effectively increase the concentration of the free metal cation,
from which they cannot be distinguished since their formation
does not elicit a change in pH, and thereby lower the apparent
stability constants of complexes with DFOB or other ligands.
In a study of DFOB complexation with yttrium and the rare
earth elements (YREEs), Christenson and Schijf (2011) indirectly
estimated the stability of the Lu(MSA)2+ complex by comparing
the solubility of Lu(OH)3(s) in the absence and presence of
MSA− and found it to be similar to the stability of the structurally
related Lu–sulfate complex. They concluded that, with respect to
the YREEs, MSA− is an 8–13 orders of magnitude weaker ligand
than DFOB and thus of no consequence. Assuming, for lack of
evidence to the contrary, that the stabilities of MSA and sulfate
complexes are broadly interchangeable, Schijf et al. (2015) drew
the same conclusion in a study of DFOB complexation with Cu,
Ni, Zn, Cd, and Pb.
The outcome is different if this rule is applied to Mg and
Ca. Stability constants, log SO4β1, of the Mg–sulfate and Ca–
sulfate complex are 1.01 and 1.03, respectively, at I = 0.7 (Millero
and Schreiber, 1982), whereas previous estimates of the stability
constant, log Lβ3 of the hexadentate Mg–DFOB and Ca–DFOB
complex are about 3–4 (Farkas et al., 1999). In this case, DFOB
may be a no more than three orders of magnitude stronger ligand
than MSA− (Tables 5, 8). The hydroxide salts of Mg and Ca
are poorly characterized and fairly soluble (Martell et al., 2004),
hence precipitation cannot be used to determine the stability of
their MSA complexes, as for Lu (Christenson and Schijf, 2011).
However, the aforementioned effect of MSA complexation on
potentiometric titrations works to our advantage if we compare
the stability constants of Mg and Ca complexes with a suitable
ligand in the absence and presence of MSA−. If the acid
dissociation constant of an arbitrary ligand HY and the stability
constant of its complex with a divalent metal M are defined as
follows (omitting charges for convenience):
Ka(Y) =
[H][Y]
[HY]
HY⇋ H+ Y (3a)
Yβ1 =
[MY]
[M][Y]
M+ Y⇋ MY (3b)
then, in the presence of MSA−, the constant Yβ1 will instead be
determined as
Yβ
′
1 =
[MY]
{[M]+ [M(MSA)]}[Y]
. (4)
If we define the stability constant of the complex M(MSA)+ as
MSAβ1 =
[M(MSA)+]
[M2+][MSA−]
M2+ +MSA− ⇋ M(MSA)+ (5)
(Table 1), it can be shown, by combining Equations (4) and (5),
that
MSAβ1 =
(
Yβ1upslopeYβ
′
1
)
− 1
[MSA−]
. (6)
The stability constant MSAβ1 can therefore be calculated from
Yβ1 and Yβ′1, measured in the absence and presence of MSA
−,
respectively. If MSAβ1 is small i.e., if [M(MSA)+]≪ [MSA]T, we
can assume that [MSA−] = [MSA]T − [HMSA] − [M(MSA)+]
≈ [MSA]T, since MSA− does not protonate.
Initially, oxalate, −OOC−COO−, and malonate,
−OOC−CH2−COO−, were considered for the ligand Y.
They form bidentate Mg and Ca complexes with stabilities
similar to those of the hexadentate DFOB complexes, so their
potentiometric titrations should be affected by MSA− to a
comparable degree. Unfortunately, these diprotic ligands may
bind metals with only one of their carboxylate groups (cf. Schijf
and Byrne, 2001) and the first dissociation constant of oxalic
acid lies just outside the experimental pH window (pKa1 ∼ 1;
Kettler et al., 1998), which complicated interpretation of the
titration curves. Our choice ultimately fell on acetohydroxamic
acid or HAH, CH3–CO–NHOH (Figure 1B), a monoprotic
acid that essentially has the same properties as each of the three
hydroxamic acid groups in DFOB.
First, pKa was determined from 9 titrations of HAH alone
in 0.7M NaClO4 at concentrations ranging from 5 to 20mM
(Table 2). Two of these titrations were performed in the presence
of 70 mM and one in the presence of 140mMMSA−, which was
added as NaMSA in order to not unduly acidify the experimental
solutions. The pKa values measured in these three titrations were
not discernibly different from those measured in the other six,
showing as expected that the presence of MSA−, in itself, had no
effect on the pH of the solution. The 9 titrations together yield
an average value of pKa = 9.257 ± 0.008 (Table 5), in beautiful
agreement with publishedmeasurements of 9.35 in 0.1MNaNO3
(Anderegg et al., 1963) and 9.27± 0.01 in 0.2MKCl (Farkas et al.,
1999). Unlike the large, linear DFOB molecule (Christenson and
Schijf, 2011), equilibrium constants for the small HAH molecule
should display Debije–Hückel-like behavior and the value of pKa
does indeed seem to decrease with increasing ionic strength.
Values of [H+]0T are on the order of 100 µM and alternate
randomly between proton excess and deficiency. Modeled total
HAH concentrations are about 1–4% higher than gravimetric
concentrations, with the greatest difference observed at 5 mM
HAH (Table 2).
Next, Mg and Ca were titrated in the presence of 5 or
10mM HAH at nominal M:L ratios of 1:2, 1:1, and 2:1. Six
Ca and seven Mg titrations were conducted with HAH alone
and six more of each in the presence of 140 mM NaMSA
(Tables 3, 4), the highest concentration that was shown not to
affect the pKa measurements. The stability constants of metal–
AH complexes and the initial proton excess, [H+]0T, were used
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TABLE 2 | Nine titrations (pH 3–11) of acetohydroxamic acid (HAH) in 50
mL of 0.7 M NaClO4 solution, some in the presence of mesylate (MSA
−).
[HAH]T [MSA
−] [HAH]T [H
+]0
T
pKa nd WSOS/DFe
(mM)a (mM) (mM)b (µM)c
5.01 0 5.19 +104 9.262 50 6.90
5.01 0 5.17 +2.91 9.267 50 6.64
5.01 70 5.21 +46.2 9.267 51 6.27
10.0‡ 0 10.1 +66.6 9.260 157 3.24
10.0 0 10.2 +99.5 9.249 54 3.47
10.0 0 10.1 −171 9.258 53 3.39
10.0 70 10.1 +28.2 9.251 56 3.36
10.0 140 10.2 −1.20 9.255 55 2.80
20.0 0 20.0 −105 9.242 63 2.50
The final ionic strength was raised by<1% due to addition of the titrant (1.0005 M NaOH).
Non-linear regressions were performed with FITEQL4.0, keeping the ionization constant
of water fixed at pKW = 13.740 (Christenson and Schijf, 2011). The acid dissociation
constant, pKa, the initial proton excess, [H
+ ]0T , and the total HAH concentration were
used as adjustable parameters. All regressions converged in ≤7 iterations.
aDetermined by weighing.
bDetermined by non-linear regression.
cNegative values signify an initial proton deficiency.
dNumber of titration points.
eQuality-of-fit parameter (Weighted Sum-Of-Squares divided by the Degrees-of-
Freedom); values of 0.1–20 indicate a good fit (Herbelin and Westall, 1999).
‡
Titrated with 0.1001M NaOH; final ionic strength lowered by ∼10%.
as adjustable parameters in non-linear regressions of the titration
curves, whereas the total ligand concentration was fixed at the
gravimetric value. For Ca, only the Ca(AH)+ complex was
needed to produce good fits (WSOS/DF < 1.2). Values of log
AHβ1 were determined to be 2.30 ± 0.03 and 2.25 ± 0.01
in the absence and presence of MSA−, respectively (Table 5),
comparing favorably with literature values of 2.4 at I = 0.1
(Anderegg et al., 1963) and 2.45 ± 0.01 at I = 0.2 (Farkas et al.,
1999). The value of log MSAβ1, calculated from these averages
with Equation (6), is equal to −0.005 (Table 5), but could be
as high as 0.2 or as low as –0.4 within the uncertainty of the
measurements.
For Mg, inclusion of only the Mg(AH)+ complex produced
much poorer fits than for Ca (WSOS/DF ≤ 3.5). Addition
of the ternary Mg(AH)OH complex, purportedly observed by
Farkas et al. (1999), does not significantly improve the fits,
while the corresponding stability constant, log AHβ∗11, is similar
to that of the MgOH+ complex and two orders of magnitude
lower than the value found by these authors and therefore
does not constitute independent prove of its formation. Instead,
inclusion of a second-order complex, Mg(AH)2, does improve
the regressions (WSOS/DF < 2.1) and yields stability constants
of the expected absolute and relative magnitude: log AHβ1 = 2.73
± 0.01 and log AHβ2 = 4.71± 0.05 (Table 5). The only literature
value for log AHβ1 is 2.96 ± 0.03 at I = 0.2 (Farkas et al., 1999).
The second-order complex had not been previously recognized,
yet is known to exist for many other divalent metals (Anderegg
et al., 1963). Titrations in the presence of MSA− yield log AHβ1 =
2.70± 0.02 and log AHβ2 = 4.7± 0.1. Average values of log AHβ2
are statistically equal for the two systems, but log AHβ1 values are
consistent with log MSAβ1 = −0.248 (Table 5), although it could
TABLE 3 | Thirteen titrations (pH 3–10) of magnesium in 0.7M NaClO4
solutions containing 5 or 10 mM acetohydroxamic acid (HAH), some in the
presence of 140mM mesylate (MSA−).
[HAH]T [Mg]T/ MSA
− [H+]0
T
log AHβ1 log AHβ2 n
c WSOS/
(mM)a [HAH]T present (µM)
b DFd
10.0 0.53 − −785 2.736 4.705 141 0.0811
10.0 0.53 − −187 2.747 4.727 147 0.0808
5.01 1.05 − −832 2.743 4.616 97 0.190
5.01 1.05 − −191 2.734 4.699 103 0.443
5.01 2.10 − −815 2.714 4.752 121 1.16
5.01 2.10 − −318 2.729 4.714 126 0.592
5.00 2.06 − −148 2.731 4.771 105 0.196
10.0 0.53 + −226 2.720 4.605 146 0.234
10.0 0.52 + −136 2.703 4.680 137 0.0851
5.01 1.05 + −189 2.719 4.572 103 0.632
5.00 1.03 + −85.4 2.695 4.705 94 0.463
5.00 2.10 + −349 2.676 4.836 126 2.10
5.00 2.06 + −153 2.689 4.808 105 0.763
The final ionic strength was lowered by <10% due to addition of the titrant (0.1001 M
NaOH). Non-linear regressions were performed with FITEQL4.0, keeping the ionization
constant of water fixed at pKW = 13.740 (Christenson and Schijf, 2011) and the
acid dissociation constant of HAH at pKa = 9.257 (Table 5). Total ligand and
metal concentrations were fixed at values determined gravimetrically and by ICP-MS,
respectively. Two stability constants, AHβ1 and AHβ2, and the initial proton excess, [H
+ ]0T ,
were used as adjustable parameters. All regressions converged in ≤5 iterations
aDetermined by weighing.
bNegative values signify an initial proton deficiency.
cNumber of titration points.
dQuality-of-fit parameter (Weighted Sum-Of-Squares divided by the Degrees-of-
Freedom); values of 0.1–20 indicate a good fit (Herbelin and Westall, 1999).
be as high as 0.03 or as low as −1.1 within the uncertainty of
the measurements. The value of [H+]0T ranges from about −200
to −500 µM for all Mg and Ca titrations, indicating a proton
deficiency likely caused by lower accuracy of the glass electrode
at the very low pH of the metal standards (Section Preparation of
Reagents and Standards).
It is clear from the upper-bound values of log MSAβ1 that
complexation of Mg and Ca with MSA− is exceedingly weak,
specifically quite a lot weaker than their complexation with
sulfate, contrary to what was found for Lu (Christenson and
Schijf, 2011). It is noteworthy that, like the corresponding sulfate
complexes, the Ca(MSA)+ complex appears to be more stable
than the Mg(MSA)+ complex, which is not seen for complexes
with AH− and DFOB (Section Stability Constants of Mg–DFOB
and Ca–DFOB Complexes) and not what one would expect
based on the smaller ionic radius of Mg2+. Whereas the MSA
complexes were included in the regression models for the DFOB
titrations (Section Stability Constants of Mg–DFOB and Ca–
DFOB Complexes), compositions of the experimental solutions,
calculated with FITEQL4.0, suggest that their contributions to
the total Mg and Ca concentrations are≪1%.
Stability Constants of Mg–DFOB and
Ca–DFOB Complexes
Following assessment of the stability of their MSA complexes,
titrations of Mg and Ca in the presence of DFOB could be
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TABLE 4 | Twelve titrations (pH 3–10) of calcium in 0.7 M NaClO4 solutions
containing 5 or 10 mM acetohydroxamic acid (HAH), some in the presence
of 140 mM mesylate (MSA−).
[HAH]T [Ca]T/ MSA
− [H+]0
T
log AHβ1 n
c WSOS/DFd
(mM)a [HAH]T present (µM)
b
10.0 0.47 − −159 2.314 138 0.0586
5.01 0.97 − −149 2.330 93 1.08
5.01 0.97 − −155 2.332 93 1.07
5.00 0.94 − −166 2.293 95 0.111
5.01 1.94 − −213 2.287 107 1.19
5.00 1.89 − −222 2.266 112 0.353
10.0 0.49 + −328 2.238 136 0.141
10.0 0.47 + −94.9 2.253 138 0.124
5.00 0.94 + −77.5 2.251 96 0.340
5.00 0.97 + −416 2.253 92 0.0849
5.00 1.89 + −154 2.244 112 0.729
5.00 1.94 + −633 2.243 107 0.555
The final ionic strength was lowered by <10% due to addition of the titrant (0.1001 M
NaOH). Non-linear regressions were performed with FITEQL4.0, keeping the ionization
constant of water fixed at pKW = 13.740 (Christenson and Schijf, 2011) and the
acid dissociation constant of HAH at pKa = 9.257 (Table 5). Total ligand and
metal concentrations were fixed at values determined gravimetrically and by ICP-MS,
respectively. One stability constant, AHβ1, and the initial proton excess, [H
+ ]0T , were used
as adjustable parameters. All regressions converged in 3 iterations.
aDetermined by weighing.
bNegative values signify an initial proton deficiency.
cNumber of titration points.
dQuality-of-fit parameter (Weighted Sum-Of-Squares divided by the Degrees-of-
Freedom); values of 0.1–20 indicate a good fit (Herbelin and Westall, 1999).
evaluated. Since MSA− is the DFOB counter-ion, these titrations
always contained equal concentrations of DFOB and MSA− i.e.,
substantially less MSA− than was added in the HAH titrations.
Since Mg and Ca complexes with DFOB were expected to be at
most as stable, and probably less stable, than their complexes
with AH− (Tables 5, 8), the potentiometric signal, reflecting
the contribution of Mg and Ca complexes to the total DFOB
concentration, was maximized by increasing the M:L ratio as
much as possible, whereby the upper limit is set by the solubility
of hydroxide salts at high pH. However, unlike the divalent
transition metals where M:L ratios had to be kept below 0.7:1
(Schijf et al., 2015),Mg(OH)2(s) is fairly soluble and precipitation
of Ca(OH)2(s) is of no concern. Consequently, 9 titrations were
performed for Mg with 2 mM DFOB and nominal M:L ratios
of 1:1, 3:2, and 2:1 (Table 6), and 9 for Ca with 1 or 2 mM
DFOB and nominal M:L ratios of 1:1, 3:2, 2:1, 3:1, and 4:1
(Table 7), requiring maximum Mg or Ca concentrations of ∼4
mM. For comparison, the concentrations of Mg and Ca in
standard seawater (S= 35) are 54 and 10.5 mM. Compositions of
the experimental solutions, calculated with FITEQL4.0, suggest
that Mg reached at most 22% of saturation in the DFOB titrations
and at most 72% in the HAH titrations, with respect to the
“active” form of Mg(OH)2(s) that precipitates before aging to
crystalline brucite (Gjaldbaek, 1925; Einaga, 1981).
In non-linear regressions of the Mg and Ca titrations with
DFOB, stability constants, log Rj (Table 1), the initial proton
excess, [H+]0T, and the total DFOB concentration were used as
TABLE 5 | Stability constants for AH and MSA complexes of Mg and Ca,
derived from potentiometric titrations.
Constant H Mg Ca References
pKW 13.740 Christenson
and Schijf,
2011
log β1* −12.04 −13.00 Millero and
Schreiber, 1982
log KS0 −9.38 Einaga, 1981
pKa(HAH) 9.257 ± 0.008 This work
(n = 9)
9.35a Anderegg et al.,
1963
9.27 ± 0.01b Farkas et al.,
1999
log AHβ1 2.73 ± 0.01 2.30 ± 0.03 This work (Mg,
n = 7; Ca,
n = 6)
− 2.4a Anderegg et al.,
1963
2.96 ± 0.03b 2.45 ± 0.01b Farkas et al.,
1999
log AHβ11* −7.22 ± 0.09
b − Farkas et al.,
1999
log AHβ2 4.71 ± 0.05 − This work
(n = 7)
pKa(HMSA) −1.92c Covington and
Thompson,
1974
log SO4β1 1.01 1.03 Millero and
Schreiber, 1982
log MSAβ1 −0.248 −0.005 This work
(n = 6)
Uncertainties are based on n replicate titrations, as indicated. Constants taken from the
literature are shown for comparison. Other equilibrium constants relevant to the FITEQL4.0
regressions are also listed.
a0.1 M NaNO3, 20
◦C.
b0.2 M KCl, 25◦C.
cEntry in the NIST database (Martell et al., 2004) has a sign error.
adjustable parameters. The Mg titrations yield average values
of log Lβ1 = 2.19 ± 0.02, log Lβ2 = 3.41 ± 0.04, and log
Lβ3 = 4.17 ± 0.04 (Table 8). This confirms that Mg forms a
bidentate complex with DFOB, which could not be resolved by
Farkas et al. (1999), but lends no support to Mg coordination
with the terminal amine (Figure 1A). Fits are of good quality
(WSOS/DF ∼ 0.3–1.0) and modeled total DFOB concentrations
exceed gravimetric concentrations by no more than ∼2%.
Values of [H+]0T are always negative, ranging up to a proton
deficiency of about 200 µM, in agreement with the HAH
titrations.
For Ca, DFOB complexation is so weak (Figure 2) that the
3-site model used for Mg was under-constrained and the three
stability constants could not be determined simultaneously. The
fits were therefore executed in several steps. In the first step, a 2-
site model was used (Schijf et al., 2015), including only log Lβ1
and log Lβ2, for which all regressions converged. In the second
step, log Lβ1 was fixed to the average value, 0.73± 0.17, obtained
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TABLE 6 | Nine titrations (pH 3–10) of magnesium in 0.7 M NaClO4 solutions containing equal amounts of DFOB and MSA
−.
[L]T (mM)
a [Mg]T/[L]T [L]T (mM)
b [H+]0
T
(µM)c log Lβ1 log Lβ2 log Lβ3 n
d WSOS/DFe
2.02 0.93 2.07 −15.4 2.227 3.374 4.141 106 0.535
2.02 0.94 2.08 −55.1 2.206 3.433 4.201 106 0.444
2.01 1.05 2.04 −27.4 2.169 3.369 4.124 104 0.430
2.02 1.40 2.07 −90.2 2.183 3.473 4.236 111 0.363
2.02 1.40 2.05 −151 2.173 3.430 4.175 110 0.310
2.01 1.57 2.05 −59.9 2.169 3.376 4.143 109 0.687
2.02 1.87 2.07 −148 2.214 3.449 4.223 116 0.552
2.02 1.87 2.05 −209 2.197 3.395 4.169 115 0.651
2.01 2.09 2.06 −88.1 2.160 3.381 4.152 114 1.00
The final ionic strength was lowered by ∼7% due to addition of the titrant (0.1001 M NaOH). Non-linear regressions were performed with FITEQL4.0, keeping the ionization constant
of water fixed at pKW = 13.740 (Christenson and Schijf, 2011), the stability constant of the Mg–MSA complex at log MSAβ1 = −0.248 (Table 5), and the acid dissociation constants
of DFOB, pKai , at values listed in Table 8. Total metal concentrations were fixed at values determined by ICP-MS. The stability constants, Lβj , the initial proton excess, [H
+ ]0T , and the
total DFOB concentration, [L]T , were used as adjustable parameters. All regressions converged in ≤6 iterations.
aDetermined by weighing.
bDetermined by non-linear regression.
cNegative values signify an initial proton deficiency.
dNumber of titration points.
eQuality-of-fit parameter (Weighted Sum-Of-Squares divided by the Degrees-of-Freedom); values of 0.1–20 indicate a good fit (Herbelin and Westall, 1999).
TABLE 7 | Nine titrations (pH 3–10) of calcium in 0.7 M NaClO4 solutions containing equal amounts of DFOB and MSA
−.
[L]T (mM)
a [Ca]T/[L]T [L]T (mM)
b [H+]0
T
(µM)c log Lβ1 log Lβ2 log Lβ3 n
d WSOS/DFe
2.02 0.94 2.04 −93.5 0.730 1.617‡ – 96 0.844
2.01 −120 0.663‡ 1.417 1.999 0.695
2.02 1.32 2.12 −61.6 0.669 1.617‡ – 108 0.401
2.08 −101 0.663‡ 1.689 1.971 0.317
2.02 1.32 2.13 −42.4 0.396 1.617‡ – 108 0.669
2.09 −79.4 0.663‡ 1.561 1.972 0.524
2.02 1.76 2.14 −80.9 0.517 1.617‡ – 113 0.709
2.09 −124 0.663‡ 1.614 1.911 0.568
2.02 1.92 2.12 +63.9 0.432 1.617‡ – 103 0.841
2.07 +19.1 0.663‡ 1.609 1.896 0.660
2.02 1.87 2.09 −63.0 0.846 1.617‡ – 103 1.57
2.05 −102 0.663‡ 1.583 1.834 1.45
2.02 2.80 2.16 +11.9 0.548 1.617‡ – 111 1.17
2.10 −46.9 0.663‡ 1.654 1.846 0.992
2.02 2.81 2.14 −55.1 0.875 1.617‡ – 110 0.959
2.07 −115 0.663‡ 1.732 1.821 0.836
1.01 3.52 1.03 −186 0.951 1.617‡ – 86 0.840
1.01 −208 0.663‡ 1.678 1.881 – 0.780
The final ionic strength was lowered by <7% due to addition of the titrant (0.1001 M NaOH). The stability constant of the Ca–MSA complex was fixed at log MSAβ1 = −0.005 (Table 5);
other constraints are the same as in Table 6. For each titration, the two lines represent the final two steps of a 4-step iterative process. Non-linear regressions were alternately performed
with a 2-site and a 3-site model (Schijf et al., 2015), wherein Lβ2 and Lβ1, respectively, were fixed at the average value determined in the preceding step (see text for details). All regressions
converged in ≤4 iterations.
aDetermined by weighing.
bDetermined by non-linear regression.
cNegative values signify an initial proton deficiency.
dNumber of titration points.
eQuality-of-fit parameter (Weighted Sum-Of-Squares divided by the Degrees-of-Freedom); values of 0.1–20 indicate a good fit (Herbelin and Westall, 1999).
‡
Fixed value determined in the preceding step.
in the first step and used with the full 3-sitemodel to obtain values
for log Lβ2 and log Lβ3. These two steps were repeated, fixing log
Lβ2 obtained from the second step in the third step, and then
log Lβ1 obtained from the third step in the fourth and final step.
The regressions from step 3 and 4 are shown in Table 7. Average
values of log Lβ1 = 0.66 ± 0.20 (from step 3) and of log Lβ2 =
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TABLE 8 | Stability constants for DFOB complexes of Mg and Ca, derived
from potentiometric titrations.
This work 0.7 M
NaClO4, 25
◦C
Farkas et al., 1999
0.2 M KCl, 25◦C
Anderegg et al., 1963
0.1 M NaNO3, 20
◦C
DFOB
pKa1 8.54 ± 0.01
a 8.30 ± 0.01 8.39b
pKa2 9.06 ± 0.01
a 9.00 ± 0.01 9.03b
pKa3 9.70 ± 0.02
a 9.46 ± 0.01 9.70b
pKa4 10.89 ± 0.06
a 10.84 ± 0.03 >11b
Mg (n = 9)
log Lβ1 2.19 ± 0.02 — —
log Lβ2 3.41 ± 0.04 3.55 —
log Lβ3 4.17 ± 0.04 3.82 4.30
log Lβ4 — 2.80 —
Ca (n = 9)
log Lβ1 0.66 ± 0.20 — —
log Lβ2 1.62 ± 0.09 2.11 —
log Lβ3 1.90 ± 0.06 2.41 2.64
log Lβ4 — 3.03 —
Uncertainties are based on n replicate titrations, as indicated. Constants taken from the
literature are shown for comparison.
aChristenson and Schijf, 2011.
b0.1 M NaClO4 (Schwarzenbach and Schwarzenbach, 1963).
1.62 ± 0.09 and log Lβ3 = 1.90 ± 0.06 (from step 4) are listed in
Table 8.
Subsequent regressions of the titration curves with the
unconstrained 3-site model and using 0.66 as the starting
value for log Lβ1 did not yield meaningful results, which
shows that the lack of convergence is not caused by a poor
initial guess for this parameter. Speciation calculations for the
experimental solutions, based on the results in Table 8, reveal
that insensitivity to the value of log Lβ1 reflects the minute
contribution of the corresponding CaH3L2+ complex to the total
DFOB concentration. Its absolute contribution was increased by
raising the M:L ratio (Table 7), which is however bound by other
concerns like hydrolysis. Even at our highest M:L ratio of 4:1,
the maximum relative contribution of the bidentate complex is
only about 0.7% (at pH 8.7) of the total DFOB concentration.
A sensitivity analysis was performed by repeating the final
regression step for all 9 titrations with log Lβ1 fixed at values
ranging from 2σ below to 2σ above the mean in increments of
0.1 and recording the resulting values of log Lβ2 and log Lβ3. The
standard deviations of the values thus obtained are no larger than
the errors derived from the 9 independent titrations (Table 8),
indicating that the latter are a good estimate of the uncertainty
inherent in this iterative regression process. A better estimate of
the true errors might be obtained from a simultaneous fit of all
titration curves, were it not that such a large dataset with multiple
total metal and ligand concentrations surpasses the capability of
FITEQL4.0.
The final fits (Table 7) are of good quality (WSOS/DF ∼ 0.3–
1.5) and modeled total DFOB concentrations exceed gravimetric
concentrations by no more than 3–4%. Values of [H+]0T range
FIGURE 2 | Potentiometric titrations of a DFOB solution and
metal+DFOB mixtures in 0.7M NaClO4, where pH is plotted against
moles of base (OH−) added per mole of DFOB. The blank contains 2 mM
mesylate (MSA−), which is fully deprotonated over the entire pH range. All
other solutions contain 2 mM DFOB mesylate. Symbols are measurements.
Solid lines are non-linear regressions performed with FITEQL4.0. The more a
metal+DFOB titration deviates from that of DFOB alone, the higher the stability
of the metal–DFOB complexes formed. Note that the DFOB and Ca+DFOB
titrations are almost indistinguishable. Cadmium (Cd), which forms the
weakest hexadentate complex among the divalent transition metals (Schijf
et al., 2015), is shown for comparison. The M:L ratio is about 1:1 for Mg and
Ca, and about 0.7:1 for Cd.
from a proton deficiency of about 200 µM to an excess of 20 µM,
probably reflecting the slightly higher pH of the Ca standards.
There is no evidence for Ca coordination with the terminal
amine (Figure 1A) and the bidentate Ca–DFOB complex, which
again could not be resolved by Farkas et al. (1999), is even less
stable than the bidentate Mg–DFOB complex (Table 8). Both
our Mg and Ca data yield positive step-wise stability constants
for each consecutive hydroxamate bond (Section Calculation of
the Side-Reaction Coefficient and Comparison with Published
Data).
DISCUSSION
Calculation of the Side-Reaction
Coefficient and Comparison with
Published Data
Our new DFOB speciations in the presence of Mg and Ca,
presented in Table 8, are rather different than those reported by
Farkas et al. (1999). Although their potentiometric data appears
to be of excellent quality, these authors routinely include in
their regression models a stability constant for metal complexes
with fully deprotonated DFOB, implying coordination of the
metal cation with the DFOB terminal amine. However, while
such a complex may exist for some tetravalent cations like
Sn4+ (Hernlem et al., 1996) and Hf4+ (Yoshida et al., 2004),
it has not been found for other highly charged cations like
Th4+ (Whisenhunt et al., 1996) or the trivalent lanthanides
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(Christenson and Schijf, 2011) and is very unlikely to form with
Mg2+ and Ca2+. Schijf et al. (2015) emphasized that adding
this extra degree of freedom to the regression model can lead
to under-constrained fits and probably explains why Farkas
et al. (1999) were unable to resolve values for log Lβ1, whereas
the bidentate DFOB complex, analogous to the bidentate AH
complex (Table 5), is certainly expected to form as the first of
three equivalent steps leading to the stable hexadentate DFOB
complex. It also accounts for the fact that values of log Lβ2, log
Lβ3, and log Lβ4, reported by Farkas et al. (1999) and shown in
Table 8, are either nearly identical or actually become smaller,
resulting in thermodynamically anomalous behavior of the step-
wise stability constants, log Kj+1 = log Lβj+1 − log Lβj (Schijf
et al., 2015). Calculated from our data, these step-wise stability
constants are log K2 = 3.41–2.19 = 1.22 and log K3 = 4.17–3.41
= 0.76 for Mg; and log K2 = 1.62–0.66= 0.96 and log K3 = 1.90–
1.62= 0.28 for Ca (Table 8). We find as expected that (i) they are
all of similar magnitude since in each step a bond is formed with
a single hydroxamate group; (ii) log K3 < log K2 since the charge
of the central cation in each step is shielded by the bond formed
in the preceding step; and (iii) the values are lower for Ca2+ being
the larger of the two ions. In contrast, Farkas et al. (1999) found
log K3 and log K4 equal to 0.27 and −1.02 for Mg, and 0.30
and 0.62 for Ca, respectively. Their step-wise constants show no
systematic pattern and furthermore suggest weak binding to the
third hydroxamate group, inconsistent with the high values of log
Lβ2 (Table 8). Again, this is ostensibly due to regression of the
data with an incorrect speciation model, not to poor quality of
the data itself.
Wuttig et al. (2013) used the speciations of Farkas et al. (1999),
appropriate for 0.2 M KCl, to calculate the SRC of DFOB in
seawater, obtaining log αDFB = 6.25. While the authors presented
the data on which the calculation is based (Farkas et al., 1999),
they provided no additional information, yet αDFB appears to be
the ratio of the total ligand and the fully deprotonated free-ligand
concentrations, LT/[L3−]. This choice was evidently inspired by
the equilibrium constants of Farkas et al. (1999), which are all
expressed in terms of L3−. The calculation of Wuttig et al. (2013)
is reproduced in detail in the third column of Table 9. Each
line represents a DFOB solution species, X, which include L3−
and the four protonated forms, as well as the complexes with
Mg considered by Farkas et al. (1999), MgH3L2+, MgHL, and
MgL−, and similarly for Ca. Each number in the third column
represents the ratio [X]/[L3−], where the entry corresponding to
X = L3− is of course [L3−]/[L3−] = 1, per definition. The sum
of all species equals the total concentration, hence the sum of
these ratios equals LT/[L3−] = αDFB (referred to in Table 9 as∑
αL). Column 4 contains our own calculation of this SRC, using
data from Christenson and Schijf (2011) and the present work,
appropriate to seawater ionic strength. Column 2 specifies how
each ratio [X]/[L3−] is derived from the proton concentration
and equilibrium constants listed in Table 8.
The outstanding agreement between our SRC and that of
Wuttig et al. (2013) should not be surprising, despite the distinct
disagreement between our measured Mg–DFOB and Ca–DFOB
stability constants and those of Farkas et al. (1999). Remember
that this disagreement is not the result of bad titration data, but
of an incorrect speciation model used to interpret these data. Our
acid dissociation constants and those of Farkas et al. (1999) are
very close (Table 8) and while the distributions of Mg–DFOB
and Ca–DFOB complexes are different, the total still adds up to
LT in each case. Specifically, the sum of the Mg complexes in
column 3 and 4 differs by <1% and while the sum of the Ca
complexes differs by more than a factor 2, the latter are only a
minor fraction of the total DFOB concentration. Nevertheless,
the agreement is somewhat fortuitous for several reasons. First,
it seems that Wuttig et al. (2013) used total rather than free
concentrations of Mg and Ca, which are about 89% of total
concentrations in seawater (Byrne, 2002), primarily as a result of
sulfate complexation. Second, Wuttig et al. (2013) expressed pH
on the total scale (pHT = −log{[H+]+[ HSO
−
4 ]}), commonly
used for seawater, instead of the free scale (pHf = −log [H
+]),
where pHT = pHf + 0.13 at S= 35 and T = 25
◦C (Byrne, 2002).
Finally, Wuttig et al. (2013) attempted to extrapolate the stability
constants of Farkas et al. (1999) to seawater ionic strength, which
is erroneous because chelates do not conform to Debije–Hückel-
type behavior (Anderegg et al., 1963) and equilibrium constants
for DFOB have been shown to display little or no ionic strength
dependence (Christenson and Schijf, 2011). These corrections
seem to have canceled each other out to some extent.
A more relevant issue is the interpretation of the constant∑
αL (= αDFB). It says that the ratio [L3−]/LT ≈ 10−6.25 =
5.6 × 10−7, implying that only a vanishingly small fraction of
the total DFOB concentration is available to form complexes,
even in the absence of competing trace metals (like Fe3+). Yet
it should be kept in mind that there are four other, protonated
forms of the ligand and that the choice of L3− to calculate
the SRC, albeit a natural one for many polyprotic ligands, is
awkward for DFOB. The reason is that, due to a pKa4 of 10.89
(Table 8), L3− is an entirely negligible species in seawater. The
top diagrams in Figure 3 show DFOB speciations calculated for
trace-metal-free seawater, excluding or including the effect of
Mg and Ca. When complexes with Mg and Ca are ignored,
>99% of DFOB is made up of the three most protonated species
and the species L3− contributes a mere 0.00077%. Moreover,
trace metals form the strongest and most abundant complexes
with the protonated species, HL2− and H2L−, and less abundant
ones with H3L (Schijf et al., 2015). Complexes with L3−, which
would involve full coordination of the metal center with the
DFOB terminal amine (Figure 1B), have not been definitively
proven to exist, except for one or two tetravalent metal cations.
In reality, as shown in the right-hand diagram, ∼92% of DFOB
is complexed with Mg (and <1% with Ca). Within the ∼7%
of the total DFOB concentration not complexed with Mg and
Ca, the distribution of species is identical to that in the left-
hand diagram. In other words, DFOB complexation with Mg
and Ca further reduces the contribution of the species L3− by a
factor 100/7 ≈ 14. Hudson et al. (1992) used the kinetics of Fe–
DFOB complexation to estimate the rate of water loss from the
first hydration sphere of Fe(III), but calculated that only about
28% of DFOB in seawater is bound to Mg. The much larger
fraction of Mg-bound DFOB established here intimates higher
rates of water loss, which has repercussions for the kinetics of
Fe complexation with other strong organic ligands in seawater,
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TABLE 9 | Calculation of the side-reaction coefficient of DFOB in seawater, using the data from Table 8.
Species [X] Equation Wuttig et al., 2013 αL = αHL = αH2L = αH3L = αH4L =
[X]/[L3−] [X]/[HL2−]a [X]/[H2L
−]b [X]/[H3L]
c [X]/[H4L
+]d
[H4L
+] [H+]4/(Ka1×Ka2×Ka3×Ka4) 63,096 74,405 205 8.7 1.6 1
[H3L] [H
+]3/(Ka2×Ka3×Ka4) 50,119 46,276 128 5.4 1 0.62
[H2L
−] [H+]2/(Ka3×Ka4) 7943 8535 24 1 0.18 0.11
[HL2−] [H+]/Ka4 437 362 1 0.042 0.0078 0.0049
[L3−] per definition 1 1 0.0028 0.00012 0.000022 0.000013
[MgH3L
2+] (Lβ1×[Mg
2+]×[H+]3)/(Ka2×Ka3×Ka4) — 344,849 952 40 7.5 4.6
[MgH2L
+] (Lβ2×[Mg
2+]×[H+]2)/(Ka3×Ka4) 1,493,743 1,055,511 2,913 124 23 14
[MgHL] (Lβ3×[Mg
2+]×[H+])/Ka4 152,854 257,876 712 30 5.6 3.5
[MgL−] Lβ4×[Mg
2+] 33 — — — — —
[CaH3L
2+] (Lβ1×[Ca
2+]×[H+]3)/(Ka2×Ka3×Ka4) — 1966 5.4 0.23 0.042 0.026
[CaH2L
+] (Lβ2×[Ca
2+]×[H+]2)/(Ka3×Ka4) 10,233 3306 9.1 0.39 0.071 0.044
[CaHL] (Lβ3×[Ca
2+]×[H+])/Ka4 1122 267 0.74 0.031 0.0058 0.0036
[CaL−] Lβ4×[Ca
2+] 11 — — — — —
∑
α(H)iL 1,779,591 1,793,355 4,949 210 39 24
log
∑
α(H)iL 6.25 6.25 3.69 2.32 1.59 1.38
αf = LT/
∑
[HiL
i−3] 14.6 13.8 13.8 13.8 13.8 13.8
log αf 1.17 1.14 1.14 1.14 1.14 1.14
See text for details.
aαHL = αL×Ka4/[H
+ ].
bαH2L = αHL×Ka3/[H
+ ].
cαH3L = αH2L×Ka2/[H
+ ].
dαH4L = αH3L×Ka1/[H
+ ].
yet a detailed discussion of this issue is outside the scope of our
paper.
The remaining columns of Table 9 contain calculations of
SRCs corresponding to each of the four protonated DFOB
species. It should be noted that the logarithmic values of these
constants decrease rapidly with increasing protonation from 6.25
to 1.38, reflecting the contribution of each species to the total
DFOB concentration in seawater (Figure 3). In the next section
wemore thoroughly discuss the (dis)advantages of different SRCs
for calculating metal speciation in the presence of DFOB and
other strong organic ligands, and present a more convenient
definition of the SRC of DFOB in trace-metal-free seawater.
Implications for Model Calculations of
Metal and DFOB Speciation in Seawater
The concept of SRCs was formalized and their proper use
demonstrated by Ringbom and Still (1972). In general, they are
a means of correcting free ligand (or metal) concentrations for
complexation with cations in the background electrolyte and
with competing metals (or ligands), without having to explicitly
account for each complex in a speciation model. Their main
benefit lies in the calculation of “conditional” stability constants
and most of us are familiar with that approach in systems where
a metal forms single 1:1 or higher-order complexes with one
or more ligands, and vice versa. The situation becomes more
complicated for large polyprotic, polydentate ligands, which can
form more than one type of 1:1 complex with a single metal.
The SRC
∑
αL (= αDFB) calculated by Wuttig et al. (2013), can
be used to correct metal speciations in seawater in the presence
of DFOB for DFOB complexation with Mg and Ca. With a
speciation code like MINEQL (Westall et al., 1986), the easiest
way is to fix the free concentration of L3− at the value
∑
αL
× LT and to calculate the metal speciation with elimination
of all other DFOB complexes (except for protonation steps),
provided all stability constants are expressed in terms of L3− and
appropriate to seawater ionic strength. Alternatively, if stability
constants are expressed in terms of HL2−, its free concentration
has to be fixed at the value
∑
αHL × LT (Table 9), and so forth
for any of the protonated DFOB species. However, these SRCs
cannot be used in the sense intended by Ringbom and Still
(1972). It is possible to create “conditional” metal–DFOB stability
constants by subtracting log
∑
α(H)iL from thermodynamic
stability constants expressed in terms of HiL, but these can only
be employed in MINEQL either if log
∑
α(H)iL is also subtracted
from the acid dissociation constants, or if the protonation steps
are eliminated altogether and the free concentration of HiL is
fixed at the total concentration, LT. Both yield the correct metal
speciation, but the distribution of uncomplexed DFOB among its
protonated species will be greatly skewed.
Our primary purpose is to determine an SRC allowing
calculation of metal–DFOB stability constants that can be
meaningfully compared with the results of ACSV-CLE analyses,
which produce conditional stability constants of metal complexes
with unknown organic ligands in seawater (Pižeta et al., 2015).
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FIGURE 3 | Speciation in seawater (S = 35, T = 25◦C) of 10 pM DFOB (top) and of 1 pM Cd (bottom), calculated with MINEQL and shown as fractions
of the total concentration. For Cd, the free concentration of the species HL2− was arbitrarily fixed at a value where DFOB complexes comprise about 25% of the
total metal concentration. Diagrams on the left do not account for DFOB complexation with Mg and Ca. In diagrams on the right the calculations are repeated with
Mg–DFOB and Ca–DFOB complexes explicitly included. Wedges with the word “complexes” are the sum of multiple species. The wedge “other inorganic” refers to
Cd complexes with sulfate and carbonate. Species contributing <0.3% cannot be resolved in the graph.
In the typical representation of metal–DFOB stability (Table 8),
each constant Lβj is expressed in terms of the protonated DFOB
species that forms the corresponding complex (Anderegg et al.,
1963; Hernlem et al., 1996; Schijf et al., 2015) and would therefore
have to be corrected by subtracting a different SRC. However, it
is possible to define one single SRC that can correct all metal–
DFOB stability constants, regardless of how they are expressed.
This is the constant αf = LT/
∑
[HiL], where the denominator
is the sum concentration of all DFOB species that are not
complexed with Mg or Ca. The underlying principle is that
speciation models do not include trace metal complexation by
displacement of Mg or Ca from DFOB complexes. In other
words, the constant αf represents the fraction of DFOB that is
available for metal complexation in seawater. This correction
is valid as long as the speciation of DFOB is not significantly
altered by the presence of the metal. The value of log αf, shown in
Table 9, is the same for each manner of expressing the stability
constants. This means that any log Lβj can be converted to a
conditional constant for seawater by subtracting 1.14. The value
of log αf calculated for the speciation of Farkas et al. (1999) is
slightly higher, primarily due to a somewhat greater contribution
from the Ca–DFOB complexes. It should be mentioned here
that the constant αf, like the constants
∑
α(H)iL, is not only
dependent on the composition of seawater, which does not vary
much throughout the ocean, but also on pH. Values of log
∑
αH,
log
∑
αHL, and log αf, calculated as in Table 9 over a range of
pH relevant to seawater, are shown in Figure 4. Note that the pH
dependence of the SRC defined byWuttig et al. (2013) is opposite
to and much larger than that of log αf .
A typical example of a speciation calculation is shown in the
bottom diagrams of Figure 3. On the left is the speciation of
dissolved Cd (1 pM), which has the lowest affinity for DFOB
among the divalent transition metals (Schijf et al., 2015), where
DFOB complexation with Mg and Ca is deliberately excluded.
The total DFOB concentration (1.33 × 10−4 M) was arbitrarily
chosen so that the contribution of DFOB complexes to the total
Cd concentration is almost exactly 25%, the remaining 75%
being dominated by Cl complexes, with only ∼2% free Cd2+.
This concentration is clearly not realistic and only used here
to illustrate the effect of DFOB complexation with the major
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FIGURE 4 | Dependence of the side-reaction coefficients log
∑
αL,
log
∑
αHL, and log αf (Table 9) on seawater pH (free scale). The pH
dependence of Mg and Ca free-ion concentrations, which mostly reflects their
complexation with sulfate, is negligible and was ignored.
seawater cations. The speciation was calculated with MINEQL,
expressing all DFOB stability constants in terms of HL2−. On
the right is the speciation calculated for the same total Cd
and DFOB concentrations, but with Mg–DFOB and Ca–DFOB
complexes explicitly accounted for. It can be seen that the
fraction of the total Cd concentration complexed with DFOB
is lowered by a factor 101.14 = 13.8 (cf. Section Calculation of
the Side-Reaction Coefficient and Comparison with Published
Data). The contributions of all chloride complexes and free
Cd2+ are proportionally increased. The presence of Mg and
Ca thus effectively lowers the amount of DFOB available for
complexation by about an order of magnitude. The same result is
obtained if all Mg–DFOB and Ca–DFOB complexes are removed
from the calculation and log αf = 1.14 is subtracted from the Cd–
DFOB stability constants (but not the acid dissociation constants)
and this is true regardless of what DFOB species is chosen as the
“component” in the MINEQL model (Morel and Morgan, 1972).
Schijf et al. (2015) measured stability constants for DFOB
complexes with Ni, Cu, Zn, Cd, and Pb at seawater ionic
strength and compared these with conditional constants for
complexes with unknown organic ligands in seawater, acquired
by voltammetric techniques. Based on the speciation of Farkas
et al. (1999), the authors estimated that a proper comparison
would require log αf = 1.1 to be subtracted from the measured
stability constants, log Lβj, which did not alter their conclusion
that natural ligands could be siderophore-like for Cu, Zn, and Pb,
but not for Ni and Cd. Our newDFOB speciation shows that their
estimate of log αf was satisfactory.
This discussion highlights some of the theoretical challenges
that attend the interpretation of voltammetric data and
the calculation of SRCs for unknown ligands. Although
measurements indicate that a metal may interact with more
than one class of ligand (L1, L2), it is normally assumed
that only single 1:1 complexes occur, presumably involving
the fully deprotonated forms (e.g., Coale and Bruland, 1988).
However, all natural organic ligands described so far, including
those specific to metals other than Fe (Springer and Butler,
2016), are large polyprotic, polydentate molecules that are
likely capable of forming more than one 1:1 complex with the
metal, depending on conditions. Our investigations of DFOB
complexation have revealed that some metals form the most
stable complex with the single-protonated species, some with the
double-protonated species, yet none with the fully deprotonated
species. In addition, at seawater pH, some metals, like Cd
(Figure 3) and Zn, may form multiple DFOB complexes in
approximately equal amounts. The relative contributions of
multiple complexes formed with a single ligand, which ACSV-
CLE theory gathers into one cumulative conditional stability
constant, are moreover pH dependent (Figure 4). These caveats
are particularly salient because voltammetric analyses are rarely
executed at ambient pH (Moffett and Dupont, 2007). Until
the identities of natural organic ligands and their individual
properties are more completely understood, the interpretation
of measured conditional stability constants for their complexes
with bio-essential metals and the correct definition of their (pH-
dependent) SRCs in seawater remains fraught with ambiguity
and must be undertaken with sensible caution.
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